INTRODUCTION
============

Heavy metals are a group of metals with density greater than 5 g/cm^3^. They persist in nature and consequently tend to accumulate in food chains. Although relatively high levels of these elements occur in natural environment, their presence as a contaminant in ecosystems results mainly from anthropogenic activities ([@b39]).

Some heavy metals such as nickel, iron, copper and zinc are essential to metabolic reactions and are required as trace elements by the organisms. Others like mercury, silver and cadmium have no biological role and are harmful to the organisms, even at very low concentrations ([@b21]).

Bacteria that demonstrate the capacity of surviving in toxic heavy metals concentrations have been isolated from different sources ([@b2], [@b6], [@b8], [@b9], [@b18], [@b26], [@b32]).

Many bacteria have specific genetic mechanisms of resistance to toxic metals ([@b29], [@b36]). In the environment metals may select these resistant variants in a manner similar to the selection of antibiotic resistant strains. Indeed, it is relatively common the association of metal and antimicrobial resistance, since both resistance genes are frequently located on the same mobile genetic elements ([@b12], [@b28]). Consequently, it can be assumed that the selective pressure exerted by heavy metals contribute to the indirect co-selection of antibiotic resistance, particularly in environments contaminated with the two elements.

Concerning heavy metals, terms such as "resistance" and "tolerance" are arbitrary and they are often used as synonymous in literature. Gadd ([@b15]) suggested using the term \"resistance\" when it is possible to characterize a specific mechanism of bacterial detoxification for a metal. Therefore, the term tolerance seems more appropriate to refer to the ability of a bacterial strain to grow in the presence of high concentrations of a metal, in all cases in which the mechanism of this process has not been investigated.

The toxic effects of heavy metals on microorganisms are influenced by a multitude of factors such as pH, concentration of chelating agents, speciation, and organic matter ([@b9], [@b31], [@b38]). The presence of those elements in the environment can result in impacts on ecosystems, with alterations in the biomass, diversity of microbial communities and cycling of elements ([@b37], [@b35]).

Despite the large number of papers describing the action of heavy metals on microorganisms, there are few studies on the effects of toxic metals in the physiology of metal tolerant bacteria, in comparison to those about their inhibitory or deleterious effects on susceptible organisms ([@b17], [@b40]).

In our work we analyzed the presence of metal tolerance (chromium, silver and mercury) in bacteria from sewage, and some effects of heavy metals on microorganisms that are able to survive and grow in their presence. Bacterial pigmentation and enzymatic activities such as catalase, gelatin hydrolysis and nitrate reduction were the characteristics chosen to study these effects. We find it relevant to evaluate the possible interactions between these toxic elements and tolerant bacteria in regard to the physiological and metabolic alterations derived from this contact, because it can be important, for example, in situations such as in the utilization of metal tolerant microorganisms for bioremediation of contaminated environments. Additionally, metal tolerant Enterobacteriaceae strains were investigated for their resistance to antimicrobial drugs, intending to study the possible relationship between metal tolerance and antimicrobial resistance.

This study is part of a broader investigation which aims to obtain data about metal tolerant bacteria considering their potential use for bioremediation, as well as about the impact resulting from the interactions between metals and metal tolerant bacteria. Previously we have investigated the possible relationships between metal tolerance and the degradation of toxic aromatic compounds ([@b25]).

MATERIALS AND METHODS
=====================

Samples
-------

Eleven samples of sewage from a chemistry school sewage (CSS) and nine from a university hospital sewage (UHS) were collected, with intervals of 1 or 2 months between each collection in the two institutions, both located in the northern region of Rio de Janeiro city. All samples consisted of 100 mL of sewage, collected in sterile bottles and transported in refrigeration to the laboratory.

Isolation of chromium (Cr), silver (Ag) or mercury (Hg) tolerant bacteria
-------------------------------------------------------------------------

After clarifying filtration using Whatman filter paper No. 1, the sewage samples were serially diluted in phosphate-buffered saline. For the isolation and quantification of metal tolerant bacteria aliquots of 0.1mL of undiluted sewage and 10^--1^ and 10^--2^ dilutions of each sample were inoculated on Nutrient Agar (Merck) containing 100 μg / mL of cycloheximide (Sigma) and one of the following metals: K~2~Cr~2°7~ (Vetec): 60, 110, 160, 210, 260, 310, 360 μg/mL; AgNO~3~ (Sigma): 20, 25, 30, 35 μg/mL; HgCl~2~ (Hoechst): 60, 80, 100, 120 μg/mL. The plates were incubated at 35^0^C for 24h. The metal concentrations were selected according to previous experiments (data not shown), which established the lower concentration of each metal that determined ≥ 95% reduction in the number of cfu/mL when compared to the total number of cfu/mL present in the sewage samples.

This arbitrary procedure was employed to define as metal tolerant those bacteria that were able to produce visible colonies within 24h in the presence of the chosen metal concentrations. In order to determine the total number of bacteria present in each sewage sample, aliquots of 0.1 mL of 10^--2^ to 10^--5^ dilutions were plated on Nutrient Agar without metal. All plates were prepared in triplicate and incubated at 35°C for 24 h. The metallic salts used were of analytical grade and its solutions sterilized by filtration with Millipore membranes with a 0.22 μm pore size. Some reference strains of Gram positive and Gram negative species, with previously determined sensitivity or tolerance to metals at the tested concentrations, were used as controls of the metal activities: *Escherichia coli* ATCC 25922, *Escherichia coli* K12 PCG86, *Pseudomonas aeruginosa* ATCC 27853, *Klebsiella pneumoniae* ATCC 13883, *Staphylococcus aureus* ATCC 29213 and *Enterococcus faecalis* ATCC 29212. The number of colony forming units (cfu) observed in the plates were adjusted to cfu/mL of sewage. Cr, Ag and Hg-tolerant cfu/mL percentages were calculated by comparison with the results obtained in the medium without metal using the formula: number of cfu/mL on Nutrient Agar supplemented with metal x 100 / number of cfu/mL on Nutrient Agar.

Characterization of the isolates
--------------------------------

After counting, randomly chosen colonies from each plate were picked and inoculated in Nutrient Broth (Merck). After growth at 35°C for 18h the strains were streaked onto Nutrient Agar without metal to ensure its purity and the Gram status was determined. Then, the strains were evaluated for the ability to grow on Nutrient Agar in the presence of the metal concentrations detected in the primary isolation.

The Gram-negative strains were plated onto MacConkey Agar (Merck) and inoculated in Glucose Oxidation-Fermentation Medium. Some non-fermentative strains with interesting characteristics, such as tolerance to high concentrations of metals or pigment production in the presence of metals, were identified by conventional tests and the API 20 NE identification system (bioMérieux, Marcy l^'^Etoile, France). The fermentative bacteria were presumptively identified as members of the Enterobacteriaceae family by the oxidase and nitrate reduction tests. Conventional biochemical tests, with the aid of BBL E/NF kit, were used to identify a set of strains selected for antimicrobial susceptibility testing. The bacterial isolates were maintained on Nutrient Agar slants at 4°C for daily use, and stored in Brain Heart Infusion Broth (BHI-Merck) with 20% glycerol at -70°C.

Determination of the effect of heavy metals on bacterial pigmentation
---------------------------------------------------------------------

After storage of samples of metal tolerant colonies for further testing, the plates were wrapped in aluminum foil, packed in plastic bags, and reincubated at 35°C. After 14 days the pigmented colonies were grown in Nutrient Broth at 35°C /24h and 10 μL of cultures were placed on Nutrient Agar with different concentrations of the respective metal. The same media without metal was used as control. The plates were kept under the same incubation conditions described above. Strains that presented any degree of change on pigmentation or tone in comparison to the controls were subjected to further confirmatory tests, by repeating the procedure in triplicates for each strain. A strain of *P. aeruginosa* was chosen for an additional test of pigment production in media containing Cr. After growth for 5 days in minimal medium ([@b22]) containing K~2~Cr~2°7~ in concentrations of 5, 10, 15 and 20 μg / mL and in minimal medium without the metal the tubes were centrifuged and the supernatants filtered with Millipore membranes with a 0.22 μm pore size. Thereafter, the filtrates were mixed with chloroform (1:2 v/v) and the aqueous phases analyzed in UV-visible spectrophotometer.

Effect of metals on enzymatic activity
--------------------------------------

The interference of metals on the expression of some enzymes in metal tolerant strains was evaluated indirectly by the catalase, oxidase, gelatin hydrolysis and nitrate reduction tests. For each test, 30 randomily chosen strains with positive results in the absence of the metals were analyzed. In the oxidase tests 25 strains of *Pseudomonas* spp. and 5 of *Bacillus* spp. were analyzed while in the other tests 15 strains of *Pseudomonas* spp. and 15 of Enterobacteriaceae were employed. *P. aeruginosa* ATCC 27853 and *E. coli* ATCC 25922 were used as controls in these biochemical tests. The metal concentrations used in these tests were those that did not show changes in the growth of the strains in comparison to the media without metal (control). The culture media used and the concentrations of metals were as follows: catalase and oxidase tests - Nutrient Agar with K~2~Cr~2°7~ (60, 110, 160 μg/mL); AgNO~3~ (15, 20, 30 μg/mL); HgCl~2~ (40, 60, 80 μg/mL); nitrate reduction tests - Nitrate Broth (BBL) with K~2~Cr~2°7~ (5, 10, 50 μg/mL); AgNO~3~ (1, 5, 10 μg/mL); HgCl~2~ (10, 20, 30 μg/mL); gelatin hydrolysis tests - Nutrient Gelatin (Merck) with K~2~Cr~2°7~ (100, 120, 140 μg/mL); AgNO~3~ (15, 20, 30 μg/mL); HgCl~2~ (20, 40, 80 μg/mL). All tests were made in triplicates and repeated at least three times. The cytocrome oxidase test was not employed in the strains grown in the presence of K~2~Cr~2°7~ because of the oxidative effect of this metal on the reagent used in the test (tetramethyl-p-phenylenediamine dihydrochloride). The conditions of inoculation, incubation and reading of the tests were in accordance to the methods of MacFaddin ([@b27]).

Antimicrobial susceptibility testing
------------------------------------

Enterobacteriaceae strains that presented tolerance to HgCl~2~ in concentrations ≥ 80 μg/mL and to AgNO~3~ ≥ 30 μg/mL were identified and tested for susceptibility to antimicrobial agents by the disk diffusion method ([@b3], [@b30]) in Mueller-Hinton agar (Merck). The antimicrobial agents (Cecon) used were: amikacin (30 μg), chloramphenicol (30μg), gentamicin (10μg), sulfamethoxazole-trimethoprim (25μg), tetracycline (30 μg), norfloxacin (10 μg), ciprofloxacin (5 μg), tobramycin (10 μg) and cefotaxime (30 μg). Reference strains such as *E. coli* ATCC 25922, *S. aureus* ATCC 25923 and *P. aeruginosa* ATCC 27853 were used as controls. The distribution of Ag and Hg-tolerant Enterobacteriaceae strains tested for susceptibility to antimicrobial agents was as follows: UHS - 35 Ag-tolerant strains (*K. pneumoniae* being the predominant specie \[10 strains\]) and 36 Hg-tolerant strains (predominantly species of the genus *Enterobacter* \[15 strains\]); CSS - 32 Ag-tolerant strains (predominantly *E. cloacae* \[21 strains\]) and 33 Hg-tolerant strains (predominance of *K. pneumoniae* \[13 strains\]).

Statistical analysis
--------------------

The statistical analysis of the mean values of cfu/mL of metal tolerant bacteria from CSS and UHS was performed by a comparison of proportions by the Student^'^s *t* test, with confidence levels of 5% being considered significant.

RESULTS AND DISCUSSION
======================

Factors such as the culture media employed, growth conditions, and incubation period, besides the various possible forms and concentrations of metals used in the tests of tolerance may difficult their standardization and influence the in vitro toxicity of the metals ([@b9], [@b38]). Due to these facts there are no universally accepted metal concentrations to define bacterial tolerance or resistance.

In this context we proposed to use in this study concentrations of each metal that determined ≥ 95% reduction in the number of cfu/mL when compared to the total population present in the sewage sample. Using this pattern of metal concentrations allowed us to detect subpopulations of bacteria that presented a differential behavior of metal tolerance in comparison to the general population present in the sewage, even though we can presume that this procedure may underestimate the real percentage of metal tolerant bacteria.

[Table 1](#tbl1){ref-type="table"} shows the average percentage of metal tolerant bacteria in the lowest concentrations of the metals. In the highest concentration of each metal, colonies were still detected, but with rates of cfu/mL lower than 0.1% (data not shown). The average rates of cfu/mL obtained in media containing Cr and Ag were very low in the samples from both institutions, reflecting, perhaps, the absence of selective pressure in these environments.

###### 

Number of bacteria and prevalence on bacterial types obtained in the lowest concentrations of heavy metals

  Nutrient agar with:   CSS               UHS                                                                                                                                                   
  --------------------- ----------------- ----------------------------------------- --------------------------------------------- ----------------- ------------------------------------------- ---------------------------------------------
  K~2~Cr~2°7~ \[60\]    5.3x10^3^ (1.0)   71.5[\*\*](#tf1-2){ref-type="table-fn"}   28.5                                          5.5x10^3^ (1.3)   68.4[^\*\*^](#tf1-2){ref-type="table-fn"}   31.6
  AgNO~3~ \[20\]        2.1x10^3^ (0.4)   9.3                                       90.7[^\*\*\*^](#tf1-3){ref-type="table-fn"}   2.1x10^3^ (0.5)   48.4                                        51.6[^\*\*\*^](#tf1-3){ref-type="table-fn"}
  HgCl~2~ \[60\]        1.1x10^4^ (2.0)   10.7                                      89.3                                          1.7x10^4^ (4.1)   5.2                                         94.8

Abbreviations: CSS, Chemistry school; UHS, University hospital; G+, Gram positive; G-, Gram negative.

\[ \]: μg/mL.

mean total count of cfu/mL obtained in media without metal.

100% in the concentration of 310 μg/mL of the metal.

100% in the concentration of 35 μg/mL of the metal.

The percentage of Hg-tolerant strains from both sources were significantly higher (Student^,^s *t* test, α = 5%) when compared to the other metals tested, especially in samples from the hospital sewage (UHS), in which the average rate of cfu/mL in the presence of 60μg/mL of HgCl~2~ was about 4%. This result is interesting, in view of the fact that the use of Hg as a component of antiseptics was prohibited in Brazil since 2001 ([@b5]).

Considering that tolerance to Hg is probably due to Hg^R^ genes which are often associated with genes that confer resistance to antimicrobial drugs ([@b12]), it is possible to admit that the intense use of these drugs in the hospital environment may contribute to the maintenance of genes Hg^R^ in the bacterial population of this area.

In this study it was observed a predominance of Gram-positive bacteria among the Cr-tolerant strains isolated from both sewage sources in all studied concentrations of the metal ([Table 1](#tbl1){ref-type="table"}). In the concentration of 310 μg/mL of the metal the prevalence was 100% (data not shown). These results are in accordance with those of Basu *et al* ([@b2]) which characterized the strains with highest tolerance to chromate as Gram-positive bacteria.

Analysing the bacterial groups isolated in the highest concentrations of Cr, the Gram positive were predominantly non-sporulated or sporulated rods and staphylococci, while the Gram negative were represented exclusively by non-fermentative microorganisms, most of them identified as *Pseudomonas* spp. ([Table 2](#tbl2){ref-type="table"}).

###### 

Distribution and identification of bacterial types in the highest concentrations of heavy metals

  -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Metal                      Sewage                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                     Bacterial isolates
  -------------------------- ----------------------------------------------------------------------------------------------------------------------------- ---------------------------------------------------------------------------------------------------------------------- ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  K~2~Cr~2°7~ \[260--310\]   CSS                                                                                                                           Non-sporulated (43), sporulated ([@b22]), actinomycetes ([@b4])                                                        Staphylococci[^C^](#tf2-3){ref-type="table-fn"} ([@b26]), other ([@b17])                                                                                                                                                                                                                                                                                                              NF^[D](#tf2-4){ref-type="table-fn"}[\*](#tf2-6){ref-type="table-fn"}^: *Pseudomonas* {*P. putida* ([@b10]), *P. fluorescens* ([@b5]), *P. aeruginosa* ([@b5])}, *Alcaligenes* spp. ([@b4]), *Burkholderia cepacia* ([@b3]), unidentified ([@b10])

  UHS                        Non-sporulated ([@b36]), sporulated ([@b25]), actinomycetes ([@b7])                                                           Staphylococci[^C^](#tf2-3){ref-type="table-fn"} ([@b30]), other ([@b11])                                               NF^[D](#tf2-4){ref-type="table-fn"}[\*](#tf2-6){ref-type="table-fn"}^: *Pseudomonas* {*P. aeruginosa* ([@b5]), *P. putida* ([@b5]), *P. fluorescens* ([@b3])}, *Alcaligenes* spp. ([@b2]), *Stenotrophomonas maltophilia* ([@b2]), unidentified ([@b5])                                                                                                                               

  AgNO~3~ \[25--35\]         CSS                                                                                                                           [^\*\*^](#tf2-7){ref-type="table-fn"}Non-sporulated ([@b2]), [^\*\*^](#tf2-7){ref-type="table-fn"}sporulated ([@b1])   ( - )                                                                                                                                                                                                                                                                                                                                                                                 NF[^D^](#tf2-4){ref-type="table-fn"}: *Pseudomonas* {*P. stutzeri* ([@b3]), *P. aeruginosa* ([@b2])}, *S. maltophilia* ([@b3]), *Chryseobacterium indologenes* ([@b2]), *Acinetobacter* spp. ([@b1])\
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        F^E^: *E. cloacae* complex ([@b21]), *Citrobacter* {*C. freundii* ([@b7]), *C.youngae* ([@b2]), *C. braakii* ([@b1])}, *Serratia* spp. ([@b5]), *Proteus mirabilis* ([@b1]), *Cronobacter* spp.([@b1])

  UHS                        [^\*\*^](#tf2-7){ref-type="table-fn"}Coryneform organisms ([@b10]), [^\*\*^](#tf2-7){ref-type="table-fn"}sporulated ([@b6])   ([@b3])                                                                                                                NF[^D^](#tf2-4){ref-type="table-fn"}: *Pseudomonas* {*P. stutzeri* ([@b3]), *P. aeruginosa* ([@b3])}, *S. maltophilia* ([@b3]), *C. indologenes* ([@b3]), *Acinetobacter* spp. ([@b2])\                                                                                                                                                                                               
                                                                                                                                                                                                                                                                                  F[^E^](#tf2-5){ref-type="table-fn"}: *Klebsiella* {*K. pneumoniae* ([@b10]), *K. oxytoca* ([@b1])}, *Enterobacter* {*E. agglomerans* ([@b6]), *E. cloacae* complex ([@b5])}, *Citrobacter* {*C. freundii* ([@b4]), *C. youngae* ([@b3]), *C. braakii* ([@b1]), *C. species 10* ([@b1])}, *Serratia marcescens* ([@b4]), *Proteus vulgaris* ([@b2]), *Kluyvera cryocrescens* ([@b1])   

  HgCl~2~ \[≥ 80\]           CSS                                                                                                                           Non-sporulated ([@b25]), sporulated ([@b5])                                                                            Staphylococci[^C^](#tf2-3){ref-type="table-fn"} ([@b6]), other ([@b8])                                                                                                                                                                                                                                                                                                                NF[^D^](#tf2-4){ref-type="table-fn"}: *Pseudomonas* {*P. fluorescens* ([@b24]), *P. putida* ([@b17]), *P. aeruginosa* ([@b14]), *Pseudomonas* spp. ([@b12])}, *B. cepacia* ([@b8]), *Alcaligenes* spp. ([@b6]), *Sphyngomonas paucimobilis* ([@b2]), *Ralstonia pickettii* ([@b1])\
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        F[^E^](#tf2-5){ref-type="table-fn"}: *K. pneumoniae* ([@b13]), *E.cloacae* complex ([@b10]), *Serratia* {*S. liquefaciens* group ([@b4]), *S. rubidaea* ([@b2])}, *Citrobacter* spp. ([@b2]); *Escherichia coli* ([@b1]), *Aeromonas caviae* ([@b2])

  UHS                        Non-sporulated ([@b32]), sporulated ([@b10])                                                                                  Staphylococci[^C^](#tf2-3){ref-type="table-fn"} ([@b7]), other ([@b5])                                                 NF[^D^](#tf2-4){ref-type="table-fn"}: *Pseudomonas* {*P. aeruginosa* ([@b22]), *P. fluorescens* ([@b20]), *P. putida* ([@b14]), *Pseudomonas* spp. ([@b14])}, *B. cepacia* ([@b6]), *Alcaligenes* spp. ([@b4]), *S. paucimobilis*\                                                                                                                                                    
                                                                                                                                                                                                                                                                                  ([@b3]), *Brevundimonas vesiculares* ([@b1]), *Chryseobacterium meningosepticum* ([@b1])\                                                                                                                                                                                                                                                                                             
                                                                                                                                                                                                                                                                                  F[^E^](#tf2-5){ref-type="table-fn"}: *Enterobacter* {*E. cloacae* complex ([@b13]), *E.agglomerans* ([@b3])}, *K. pneumoniae* ([@b9]); *Serratia* spp. ([@b6]), *Citrobacter* {*C. freundii* ([@b3]), *C. youngae* ([@b2])}                                                                                                                                                           
  -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Abbreviations- CSS, Chemistry school; UHS, University hospital; \[ \], µg/mL; ( ), number of strains; ( - ), non detected;

Gram positive;

Gram negative;

grapelike clusters, catalase positive and glucose fermentative;

NF, non-fermentative;

F: fermentative;

absent at 310 µg/mL;

absent at 35 µg/mL.

In the case of the sewage samples collected from the chemistry school (CSS), almost 90% of the strains that were able to grow in the presence of 20 μg/mL of AgNO~3~ were identified as Gram negative, in contrast to those obtained from the hospital (UHS), in which the percentages of Gram positive and Gram negative bacteria were similar ([Table 1](#tbl1){ref-type="table"}). Nevertheless, in the presence of 35 μg/mL of this metal, 100% of the bacteria were Gram negative in both sewage sources. It is important to mention that in the case of Gram positive bacteria no resistance determinant to Ag has been characterized ([@b33]).

The Gram-negative microorganisms isolated in the highest concentrations of Ag in both sewage sources were predominantly glucose fermentatives bacteria, which belonged to the Enterobacteriaceae family ([Table 2](#tbl2){ref-type="table"}).

Gram negative bacteria were also predominant in the media containing HgCl~2~ ([Table 1](#tbl1){ref-type="table"}). The results obtained in this study, concerning Ag and Hg, are in accordance with other studies that have demonstrated that Gram-negative bacteria tend to be more tolerant to heavy metals than Gram positive ([@b9], [@b10], [@b20]). Unlike what was observed with Ag, glucose non-fermentative Gram negative bacteria were predominant in the highest concentrations of Hg, with a significant presence of *Pseudomonas* spp. ([Table 2](#tbl2){ref-type="table"}).

The effect of heavy metals in the results of some biochemical tests and on bacterial pigmentation was investigated, in order to determine if the metals could induce modifications in the physiology of tolerant bacteria, without impairing their growth. The biochemical tests analyzed were catalase, oxidase and nitrate reduction, which indicate enzymatic activities involved in respiratory processes and gelatin hydrolysis, which indicates nutritional activity.

All the metals tested expressively interfered with gelatin hydrolysis in metal tolerant strains that previously were gelatinase positive ([Table 3](#tbl3){ref-type="table"}). Gelatin hydrolysis is a test used to determine the ability of microorganisms to produce extracellular proteases that degrade this substrate, a connective tissue protein that results from the structural and chemical degradation of collagen. Some bacteria and eucaryote organisms produce metalloproteases that are able to degrade not only gelatin but also native collagen, and for this reason they are called collagenases. Bacterial collagenases may be severely inhibited by metals like Cr^3+^ and this characteristic can be relevant, for example, to the stabilization of collagen in the industrial treatment of leather ([@b16]).

###### 

Number of Gram negative strains that presented inhibition of gelatin hydrolysis in the presence of different metal concentrations[\*](#tf3-1){ref-type="table-fn"}

  K~2~Cr~2°7~ (μg/mL)   Inhibition of gelatin hydrolysis N^o^ (%)   AgNO~3~ (μg/mL)   Inhibition of gelatin hydrolysis N^o^/ (%)   HgCl~2~ (μg/mL)   Inhibition of gelatin hydrolysis N^o^/ (%)
  --------------------- ------------------------------------------- ----------------- -------------------------------------------- ----------------- --------------------------------------------
  100/120/140           13 (43.3)                                   15/20/30          9 (30.0)                                     20/40/80          3 (10.0)
  120/140               2 (6.6)                                     20/30             4 (13,3)                                     40/80             0
  140                   5 (16.6)                                    30                3 (10.0)                                     80                3 (10.0)
  Total                 20 (66.6)                                   Total             16 (53.3)                                    Total             6 (20.0)

All strains tested were positive for gelatin hydrolysis in the absence of metals

Bacterial gelatinases in the presence of metallic elements may be affected in different manners. Pires-Bouças *et al* ([@b34]), studying the influence of divalent cations on the gelatinolytic activity of *Enterococcus faecalis,* observed that Ca^2+^ and Zn^2+^ caused a reduction in gelatinase production, while other common divalent cations (Fe^2+^ and Cu^2+^) inhibited it or had no effect (Mg^2+^). On the other hand, considering that the authors did not work with metal tolerant strains, it is important to emphasize that, in the case of some of the cations tested, gelatinase inhibition may be related to the deleterious effect of these agents on the bacterial cell.

Kanayama and Sakai ([@b23]) observed that metals like Al, Cu and Fe in concentrations higher than 10 mM completely inhibited the activity of purified gelatinase, obtained from *Microbacterium liquefaciens* isolated from the soil of an industrial complex of gelatin production, while Ca, Ni, Mn and Mg slightly enhanced this enzymatic activity.

Since many gelatinases belong to the group of metalloproteases, one possible explanation for the inhibitory effect of heavy metals on these enzymes is that they may act by displacing native metals from their normal binding sites ([@b21]).

The production of catalase was not affected by the presence of heavy metals, suggesting that in tolerant bacteria this enzyme is well protected and keeps its functional activity in the presence of metals. This protection is important because in the absence of this enzyme hydrogen peroxide accumulates and may become lethal to bacteria.

The expression of oxidase was not affected by the presence of metals in almost all tolerant strains studied, except for one strain of Ag-tolerant *Bacillus* sp. that was unable to produce the enzyme in the presence of 15 and 30 μg/mL of AgNO~3~, and one strain of Hg-tolerant *P. aeruginosa* that was unable to produce the enzyme in the presence of 40 and 80 μg/mL of HgCl~2~.

The oxidase test uses certain reagent dyes, such as tetramethyl-p-phenylenediamine dihydrochloride, that substitute the oxygen as artificial electron acceptors, and is positive when bacterial cells contain cytochrome *c*. The negative results induced by Ag and Hg in strains of *Bacillus* sp. and *P. aeruginosa* formerly positive indicate that even though these strains are metal tolerant, the presence of these elements may cause inactivation of some components of the respiratory chain that determine the oxidation of the reagent that is used as final electron acceptor in this test. So, in order to be able to grow in the presence of the metal, these strains might have an alternative component, additional to cytochrome *c*, in the final portion of the respiratory chain, which is not inactivated by the metal and does not determine the oxidation of the reagent used in the test.

In relation to the nitrate reduction test, no remarkable changes were observed in the behavior of nitrate-reducing metal tolerant bacteria, in the presence of metal. The only exception was a strain of *P. aeruginosa* that in concentrations of 5 and 10 μg/mL of K~2~Cr~2°7~ reduced nitrate to products other than nitrite, as presumed by the absence of red color in the test, even after the addition of zinc powder. But, in the presence of 50 μg/mL of this metal, the production of nitrite was detected by the production of red color, indicating that, in this concentration, the metal impaired the reduction of nitrate to products such as ammonia, molecular nitrogen, nitric oxide, nitrous oxide and hydroxylamine.

Given the results of the biochemical tests used in this study to evaluate the effect of metals on some enzymatic activities of tolerant strains it is reasonable to hypothesize that some enzymes can be affected by the presence of metals, without any impairment in bacterial growth. So we may suppose that the presence of metallic pollutants in the environment, besides causing death or inhibition of susceptible populations, can also inhibit the activity of some enzymes in the metal tolerant populations, eliciting important changes in the degradation of substrates and in the cycling of chemical elements.

The presence of metals favored changes in color or hue of some metal tolerant strains growing on solid medium. A strain of *S. aureus* showed an increase in yellow pigmentation in the presence of 40 to 100 μg/mL of K~2~Cr~2~ O~7~ , which was suppressed when the concentration increased to 160 μg / mL ([Figure 1](#fig1){ref-type="fig"}). This strain was able to grow in the presence of up to 260 μg/mL of the metal.

One strain of *P. aeruginosa*, showing a slightly green color in media without metal, started to develop a dark green color in the presence of 40 μg / mL of K~2~Cr~2°7~ which achieved its higher intensity in 160 μg / mL, which was also the higher concentration in which bacterial growth was observed. Spectrophotometric tests analyzing filtrates from this strain grown in minimal medium with and without Cr confirmed the enhancing effect of the metal in the production of yellow-green pigment, with maximum absorbance in the range of 400--410 nm. Nevertheless, we could not establish a linear relationship between the intensification of pigment production and the different concentrations of Cr tested.

With regard to HgCl~2~, one strain of *Sphingomonas paucimobilis* and one strain of *Brevundimonas vesicularis* evolved from yellow to dark brown at 60 to 100 μg/mL while an unidentified Gram-negative strain with a slight yellowish pigmentation darkened when exposed to 80 and 100 μg/mL of the same metal. Also, a Gram-positive, rod-shaped, non-sporulated, ivory-pigmented bacterial strain developed increasing dark color and metallic diffuse halo in the presence of 80 to 120 μg/mL of HgCl~2~ ([Figure 1](#fig1){ref-type="fig"}).

![Effect of heavy metals on the pigmentation of different bacterial strains. A: *S. aureus* strain grown in media without metal (control) and with K~2~Cr~2~O~7~. B: Gram negative rod shaped strain grown in media without metal (control) and with HgCl~2.~ C: Gram positive rod shaped strain grown in media without metal (control) and with HgCl~2~](bjm-43-1620-g001){#fig1}

The presence of AgNO~3~ affected only a strain of *Chryseobacterium indologenes*, which acquired a black hue when exposed to concentrations of 20 to 25 μg/mL of the metal.

Considering Ag and Hg, the concentrations of the metals which determined the limit of bacterial growth were the same as those in which changes in the colony colors were still noted, suggesting that these changes may be associated to the metal tolerance.

Bacterial pigments provide essential protection against photooxidative damage in photosynthetic and non-photosynthetic organisms ([@b1]). When present in low levels, toxic metals may inhibit bacterial pigmentation ([@b14], [@b19]). In some cases, the capacity to produce pigment may be directly associated to metal tolerance. Fugimore *et al* ([@b13]) observed that a red pigment-deficient white mutant of *Pseudomonas* K-62 showed greater sensitivity to Hg^2+^ than the parent wild-type reddish strain. In our study, for the strain of *S. aureus* that enhanced the pigment production in the presence of Cr this association was not observed, since this strain stopped to produce pigment in the presence of 160 μg / mL of this metal, even though it was able to grow until to the concentration of 260 μg / mL.

In contrast, for a strain of *P. aeruginosa* isolated in the present study, this association may be implied, since the degree of pigment production showed a direct relationship with the presence of Cr, achieving its higher intensity in the concentration of the metal which was also the limit for the growth of the bacteria.

With regard to Ag and Hg, the changes observed in the colony colors are perhaps due to chemical modification of metals when interacting with the bacteria, and not to the induction of real pigmentation. Haefeli *et al* ([@b18]) observed that colonies of *P. stutzeri* Ag^R^ grown in medium with the metal and NaCl became dark after exposure to light, a consequence of the formation of silver chloride, which was photo-converted later to metallic silver. Since this study was conducted with the plates shielded from light, it is possible that the darkening observed in the colonies was a result of the ability of strains to reduce Ag^+^ to Ag°, or to precipitate the metal in its sulfide form. Similarly, the metallic brown halo observed around the growth of the Gram positive strain when exposed to Hg may be the result of a reaction of Hg with some substance released by the bacteria in the environment, or bioaccumulation of the metal, followed by its excretion into the environment in a chemically reduced form.

In order to investigate the relationship between metal tolerance and antimicrobial resistance we identified 67 strains of Ag-tolerant and 69 of Hg-tolerant Enterobacteriaceae isolated in media with high concentrations of these metals. *K. pneumoniae* and *Enterobacter* spp. were the predominant bacteria detected.

Ag-tolerant strains isolated from the UHS showed higher overall rate of resistance to antimicrobial agents than strains from the CSS, which was an expected result in the case of hospital strains ([Table 4](#tbl4){ref-type="table"}). However, it is important to emphasize that most Ag-tolerant Enterobacteriaceae strains isolated from the hospital sewage showed susceptibility to the drugs tested, as well as predominance of mono-resistance profile. This result is in accordance with literature information since the occurrence of a significant association between the phenomenon of tolerance to Ag and antibiotic resistance has not been reported ([@b8], [@b22]).

###### 

Distribution of antimicrobial resistance in strains of metal tolerant Enterobacteriaceae

  Antimicrobial Agent                              Ag-tolerant strains Source   Hg-tolerant strains Source               
  ------------------------------------------------ ---------------------------- ---------------------------- ----------- -----------
  AM                                               3 (8.5)                      0                            13 (36.6)   0
  C                                                7 (20)                       0                            18 (50)     1 (3)
  TOB                                              2 (5.7)                      0                            11 (30.5)   0
  GEN                                              2 (5.7)                      0                            10 (27.7)   0
  CIP                                              0                            0                            4 (11.1)    0
  TET                                              7 (20)                       0                            17 (47.2)   5 (15.1)
  NFX                                              0                            0                            5 (13.8)    0
  SXT                                              6 (17.1)                     0                            22 (61.1)   4 (12.1)
  CEF                                              3 (8.5)                      3 (9.4)                      22 (61.1)   1 (3)
  [Ab^R^](#tf4-1){ref-type="table-fn"} Total       12 (34.2)                    3 (9.4)                      30 (83.3)   10 (33.6)
  [Ab^R^](#tf4-1){ref-type="table-fn"} ≥ 3 drugs   4 (11.4)                     0                            22 (61.1)   0 (0.0)

Abbreviations: AM, amikacin; C, chloramphenicol; TOB, tobramycin; GEN, gentamicin; CIP, ciprofloxacin; TET, tetracycline; NFX, norfloxacin; SXT, sulfamethoxazole-trimethoprim; CEF, cefotaxime. UHS, University Hospital Sewage; CSS, Chemistry School Sewage.

\[ \], Number of strains tested

( ), Percentage of resistance

Antimicrobial resistance

It is important to consider that, differently from Hg, there are not many reports of Ag tolerance, since this characteristic is considered unstable and difficult to maintain and transfer ([@b7], [@b33]). Besides, we must consider that, in some cases, tolerance to this metal is not a true resistance derived from genetic expression, but a result of the production of capsular polysaccharides, which can combine with metals and protect the bacteria from toxicity ([@b4]).

Concerning antimicrobial resistance in Ag-tolerant strains, the main difference between the samples obtained from the two institutions was the multi-resistance, which was greater in those isolated from the hospital sewage. In contrast, the Hg-tolerant strains isolated from the UHS had overall rate of antibiotic resistance greater than 85%, with a predominance of multi-resistance. In the Hg-tolerant strains from the CSS the overall rate of resistance was 33.6%, a value similar to that of Ag-tolerant strains from the hospital sewage. These results are consistent with reports on the frequent association between tolerance to Hg and antimicrobial resistance found in strains isolated from different sources ([@b22], [@b24], [@b26], [@b28], [@b41]). Probably this is due to the fact that genes that code for antibiotic resistance and genes that code for mercury resistance are often carried on the same plasmids or other mobile genetic elements ([@b41], [@b42]), favouring the occurrence of co-selective processes in the presence of this metal or of antimicrobial drugs.

Analysing resistance to each antimicrobial agent in separate, the strains of Hg-tolerant Enterobacteriaceae isolated from the CSS were basically resistant to trimethoprim-sulfamethoxazole and tetracycline. These results are consistent with those obtained by Ferreira da Silva *et al* ([@b11]), who found a positive correlation between resistance to these drugs and Hg tolerance in Enterobacteriaceae isolated from wastewater treatment plant. The use of these drugs for decades probably explains the presence of resistant strains, including those from non-clinical origin. In the case of Ag-tolerant strains isolated from UHS, exhibiting resistance to one or more antimicrobial drugs, none of them was resistant to quinolones. Among the Hg-tolerant strains from the same institution, resistance to these drugs was present but in the lowest percentages among all drugs tested.

In conclusion, we observed that the concentrations of Cr employed in this study selected predominantly Gram positive bacteria, with exclusive presence of these bacteria in the highest concentration of the metal. In contrast, Hg and Ag selected mainly Gram negative bacteria. These data indicate that, depending on the pollutant metal, structural characteristics of the cell wall may be one of the aspects determining the survival of microorganisms in contaminated environments.

Hg tolerance was significantly higher in strains from hospital sewage and, in contrast to Ag tolerance, this characteristic was closely related to antimicrobial resistance and multi-resistance in the Enterobacteriaceae tested. This relationship suggests that the selective pressure of antimicrobial drugs constitutes an important factor to the persistence of Hg tolerance, considering the restriction of the use of Hg compounds in hospitals ([@b5]).

We also observed that the interaction of certain metal tolerant strains with heavy metals may result in alterations on the pigmentation, and that these alterations are not necessarily related to the ability to survive in the presence of the metal. Apart from this fact, we can admit that, in the environment, the production or enhancement of pigment induced by the stress provoked by metals on certain metal tolerant strains may favour their survival by enhancing their resistance to deleterious agents such as UV radiation from sun light.

Even though we did not observe inhibitory effect of metals on catalase expression, oxidase activity was inhibited by Hg or Ag in two metal tolerant strains, while Cr affected the process of denitrification in one strain, inducing different final products from nitrate degradation, depending on the concentration of the metal. Nevertheless, in relation to inhibition of enzymatic activity, the most intense effect observed in our study was, doubtlessly, the loss of the capacity to degrade gelatin in the presence of heavy metals.

Finally, considering the results obtained, we can presume that even in the case of metal tolerant bacteria these elements are able to determine changes in different types of metabolic activities or physiological expressions. This fact has to be taken into account in situations such as in the utilization of metal tolerant microorganisms for bioremediation of contaminated environments and in the evaluation of the impact of metals on metal tolerant microorganisms in relation to the cycling of chemical elements and substrate degradation.
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